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(54) Method for measuring the concentration of hydrogen peroxide vapor 

(57) An improved apparatus and method for meas- 
uring the concentration of hydrogen peroxide vapor or 
gas in a sterilization chamber. The hydrogen peroxide is 
measured spectrophotometrically in the ultraviolet 
region between 200 and 400 nm. Because water vapor 
does not absorb in the ultraviolet region, it does not 
interfere with the determination of the concentration of 
the hydrogen peroxide vapor. Although organic com- 
pounds have absort>ance8 in the ultraviolet region, the 
organic compounds are removed by evacuating the 
sterilization chamber to low levels before doing the 
hydrogen peroxide determination. The ultraviolet light 
sourcQ is eithsi- a lew pressure mercury vapor lanrp with 
an emission at 254 nm or a deuterium lamp with an opti- 
cal filter selective of 206 nm light A movable gas cell 
can be used to measure the hydrogen peroxide concen- 
tration at various areas in the sterilization chamber. The 
measurement system can be combined with a feedback 
loop to control the concentration of hydrogen peroxide- 
in the sterilization chamkser 
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Description 

Field of the Invention 

[0001] This invention relates to an apparatus and a 
method for measuring the concentration of hydrogen 
peroxide vapor or gas. 

Background of the invention 

[0002] Sterilization is used in a broad range of Indus- 
trial and medical applications. Sterilization is the com- 
plete destruction or irreversible inactivation of all 
microorganisms. There are many methods for steriliz- 
ing, including heat and chemical methods. Heat sterili- 
zation is normally done using steam. Some equipment 
cannot withstand either the heat or the moisture from 
steam treatment As a result, chemical sterilization is 
now comnnonly used. 

[0003] Chemical sterilization can be done using alco- 
hols, aldehydes such as fornnaldehyde. phenols, ozone, 
ethylene oxide, or hydrogen peroxide. Chemical sterili- 
zation does not normally require the use of heat. The 
method is thus comnnonly called cold sterilization. 
Hydrogen peroxide is commonly used today for chemi- 
cal sterilization. 

[0004] Use of low concerrtrations of hydrogen perox- 
ide for chemical sterilization has many advantages. It is 
easy to handle, can be stored for long periods of time, is 
non-corrosive, and mixes readily with water. When it 
decomposes, it forms water arKi oxygen, nontoxic mate- 
rials. However, there are problenr*s with using hydrogen 
peroxide for sterilization. In order to be effective, it must 
be maintained at a specified concentration. It is there- 
fore normally desirable to maintain as high a concentra- 
tion as practical during sterilization. Furthermore, 
hydrogen peroxide will react with some surfaces under- 
going sterilization and will also permeate into and 
through some plastic materials. All of these factors can 
reduce the concent^tion of the hydrogen peroxide to 
levels that make it ineffective at sterilization. 
[0005] Hydrogen peroxide vapor can condense onto 
the walls of the sterilization chamber or onto equipment 
in the chamber. The corKlensed hydrogen peroxide can 
potentially degrade or harm the chamber or the equip- 
ment. 

[0006] It is therefore important to be able to determine 
the concentration of hydrogen peroxide vapor in the 
sterilization chamber so that enough hydrogen peroxide 
vapor is present to be effective, but not so much that the 
hydrogen peroxide vapor damage the equipment. 
[0007] The concentration of hydrogen peroxide vapor 
throughout the chamber can vary, because the equip- 
ment placed in the chamber can restrict diffusion of 
sterilant vapor. There may therefore be areas of the 
chamber which are exposed to higher or lower concen- 
trations of hydrogen peroxide du to these flow restric- 
tions. It is therefore desirable to be able to determine the 



concentration of hydrogen peroxide in different areas of 
the sterilization chamber in order to measure the varia- 
tion in concentration through the sterilization chamber. 
[0008] There are methods for determining levels of 

5 hydrogen peroxide in sterilization chambers. Ando et al. 
(U.S. Pat&it No. 5,608.156) disclose using a semicorv 
ductor gas sensor as a means of measuring vapor 
phase hydrogen peroxide concentrations. Hie reaction 
time of the sensor is several tens of seconds, however, 

10 and the relation between the sensor output and the con- 
centration of the hydrogen peroxide vapor varies with 
changes in pressure. Most hydrogen peroxide vapor 
sterilization procedures involve several treatment steps, 
usually including at least one step with vacuum. The 

75 response of the sensor to hydrogen peroxide through 
the treatment steps will therefore change, depending on 
the pressure used in each treatment step. 
[0009] Cummings (U.S. Patent No. 4.843.867) dis- 
closes a system for determining the concentration of 

20 hydrogen peroxide vapor in-situ by simultaneous meas- 
urements of two separate properties such as dew point 
and relative humidity. A microprocessor is then used to 
fit the two measurements into a model to calculate the 
hydrogen peroxide concentration. The method uses an 

25 indirect approximation based on a number of empirical 
assumptions, and the accuracy will vary depending on 
how closely the conditions in the sterilization chamber 
resemble those used to develop the model. 
[0010] Van Den Berg et al. (U.S. Patent No. 

30 5.600,142) disclose a method using near infrared (NIR) 
specf oscopy to detect hydrogen peroxide vapor. Hydro- 
gen peroxkie has an absorption peak at about 1420 nm 
(nanometers) which can be used to determine its con- 
centration. Water also absorbs in this region, however, 

35 and it therefore interferes with the determination of the 
concentration of hydrogen peroxide. Water is always 
present when hydrogen peroxide is present, because it 
is a decomposition product. In order to correct for the 
interference from water vaporT the water v£,ocr ccrroen- 

40 tration is determined by doing a measurement at remote 
wavelengths where hydrogen peroxide is transparent. 
This measured water vapor concentration is used to 
correct the absortsance at 1420 nm for the contribution 
due to water. Organic molecules also absorb in this 

45 same region, however, arxJ the correction factor for 
organic molecules depends on the organic compourxls 
which are, present The correction for organic vapors is 
therefore somewhat subjective, because one does not 
normally know what organics are present. 

so [001 1 ] The N I R method requires doing measurements 
at two different wavelengths and making corrections for 
the presence of water vapor, organics. or tx>th. The 
electronic equipment for doing these corrections is com- 
plex and expensive, and the correction for the presence 

55 of organic compounds is subjective. 

[001 2] There is a need for a method of determining the 
concentration of hydrogen peroxkie vapor or gas that is 
not dependent on con-ecting for the presence of water 
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vapor and organic nnolecules. There is also a need for a 
method of measuring hydrogen peroxide that does not 
require the use of expensive electronics, such as those 
which do measurements at two different wavelengths 
and apply complex correction factors. 

Summary of the InventiQn 

[001 3] In the method of determining the concentration 
of hydrogen peroxide vapor or gas according to the 
method of the present invention, the sterilization cham- 
ber is evacuated to a pressure of about 500 millitorr to 
remove organic compounds which would interfere with 
the determination. Hydrogen peroxide is introduced into 
the sterilization chamber These two steps can be done 
in either order. The absorljance of the hydrogen perox- 
ide vapor or gas is then determined at a wavelength 
between 200 and 400 nanometers, the ultraviolet 
region. Hydrogen peroxide absortjs in this region, but 
water vapor does not By doing the at>sorbance meas- 
urement of hydrogen peroxide vapor in the ultraviolet 
region, the interference from water vapor is eliminated. 
The concentration of hydrogen peroxide vapor or gas in 
the sterilization chamber is determined from the absoi1> 
ance in the ultraviolet region. Based on the measured 
concentration of hydrogen peroxide, the concentration 
may optionally be adjusted by adding more hydrogen 
peroxide so that the concentration is high enough to be 
effective at sterilization but not so high as to condense 
onto equipment in the sterilization chamt>er. 
[0014] In accordance with another aspect of this 
invention, the concentration of hydrogen peroxide as 
measured by the method of the Invention can be com- 
pared with a desired set point concentration. Additional 
hydrogen peroxide can be incrementally added with a 
controller to increase the concentration of hydrogen 
peroxide until the set point concentration is reached. In 
this manner, the method of the invention can be used for 
feedback control of the concentration of hydrogen per- 
oxide vapor or gas. 

[0015] Preferably, the absorbance measurement is 
done at a wavelength of 254 nanometers. Advanta- 
geously, the absorbance at this wavelength is measured 
using a mercury lamp. Even more advantageously, the 
mercury lanrp is current regulated to provide stability of 
the mercury lamp. 

[0016] In accordance with another aspect of this 
invention, the absorbance of the hydrogen peroxide 
vapor or gas is measured at a wavelength of 206 
nanometers. Advantageously, the absorbance at this so 
wavelength is measured using a deuterium lanp. 
[001 7] In accord with one aspect of this invention, the 
concentration of hydrogen peroxide vapor or gas is 
determined from the ab8oit>ance using Beer's law. As 
another aspect of this invention, the concentration of ss 
hydrogen peroxide vapor or gas is determined by com- 
paring the absorbanc with a calibration curve of 
absorbance versus the concentration of hydrogen per- 



oxide vapor or gas. 

[0018] In accordance with another aspect of this 
invention, the apparatus for measuring the concentra- 
tion of hydrogen peroxide vapor or gas comprises an 
ultraviolet light source generating light in the range of 
200 to 400 nanometers, an OF>tical radiation detector 
capable of detecting the ultraviolet light, an optical path 
between the ultraviolet light source and the optical radi- 
ation detector, and a source of fiydrogen peroxide vapor 
or gas. 

[001 9] Preferably, the apparatus also contains a vac- 
uum pump to evacuate the optical path to a pressure of 
about 500 millrtorr so that organic compounds which 
can interfere with the determination can be removed. 
[0020] According to another aspect of this invention, 
the source of hydrogen peroxide vapor or gas contains 
a heater to increase the rate of volatilization of the 
hydrogen peroxide. As another aspect, the source of 
hydrogen peroxide contains a ultrasonic source as an 
alternative way to increase the rate of volatilization of 
the hydrogen peroxide. 

[0021] In accordance with another aspect of the inven- 
tion, the apparatus also contains a controller for main- 
taining a desired hydrogen peroxide concentration, the 
set point concentration, through feedback control. 
[0022] In accord with one aspect of this invention, the 
ultraviolet light source is a mercury lamp. In another 
aspect of this invention, the ultraviolet light source is a 
deuterium lamp. Advantageously, there is an optical fil- 
ter selective of 206 nanometer light located between the 
deuterium lamp and the optical radiation detector. 
[0023] In accord with another aspect of this invention, 
the apparatus includes a movable gas cell, which can 
be moved around the sterilization chamber so that 
measurements of the concentration of hydrogen perox- 
ide can be done at various locations inside the steriliza- 
tion chamber. The ends of the nrK)vat)le gas cell are 
connected to the ultraviolet lamp and the detector with 
opticai rbers. ^ 

[0024] The method and apparatus of the invention 
thus use an ultraviolet light source to determine the con- 
centration of hydrogen peroxide vapor or gas in a steri- 
lization chamber. Use of ultraviolet light eliminates the 
interference of water vapor with the determination and 
allows for use of simple and inexpensive electronics in 
the conversion of the ultraviolet absortiance to the con- 
centration of hydrogen peroxide gas or vapor. Evacuat- 
ing the chamber eliminates the interference of organic 
compounds. After the concentration of hydrogen perox- 
ide vapor or gas has been determined with the method 
and apparatus of this invention, the concentration can 
be adjusted upward to optimize the sterilization of the 
equipment without condensing hydrogen peroxide onto 
the equipment or walls of the sterilization chamber with 
resulting potential damage. 

[0025] Additional objects, advantages, and novel fea- 
tures of the invention will be set forth in part in the 
description which follows, and in part will become 
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apparent to those skilled in the art upon examination of 
the following or may be learned by practice of the inven- 
tion. The objects and advantages of the invention may 
be realized and attained by means of the instrumentali- 
ties and combinations particuTarly pointed out in the 
appended claims. 

Brief Description of the Dmwinf^ 
[0Q26] 

FIG. 1 is a schematic drawing of the overall system 
of the present invention for measuring the concen- 
tration of hydrogen peroxide vapor; 
FIG. 2 is a series of drawings showing different 
views of a form of a sterilization chamber in which 
the method of the present invention can be prac- 
ticed: 

FIG. 3 is a perspective drawing and several views of 
an aluminum flange suitable for forming an optical 
path on curved walls of the sterilization chamber; 
FiG. 4 is a perspective sectional drawing of a pre- 
ferred method of attaching the aluminum flange to a 
curved wall of the sterilization chamber; 
FIG. 5 is a sectional view of a preferred method of 
forming an optical path in the sterilization chamber 
on two curved walls along the short axis of the 
chamber; 

FIG. 6 is a sectional view of a preferred method of 
attaching the optical equipment to the optical path 
using aluminum flanges; 

FIG. 7 is a sectional view of a preferred method of 
attaching the optical equipment to flat walls of the 
sterilization chamber; 

FIG. 8 is a schematic diagram of a current regula- 
tion lanp driver circuit; 

FIG. 9 is a schematic diagram of the detector and 

signal processing electronics; 

FIG. 10 is a side view of a movable^gas ceii suitabie 

for use with the system of FIG. 1 ; 

FIG. 11 A is a view of the movable gas cell showing 

the portion which is shown in greater detail in FIG. 

IIBand FIG. llC; 

FIG. 1 1 B is a sectional view of an optical f ber of the 

movat)le gas cell along tiie long axis; 

FIG. 11C is a cross sectional view of an optical 

fiber; 

FIG. 1 2 is a perspective view demonstrating the use 
of the movable gas cell, of FIG. 10; 
FIG. 13 is a graph of the absorption spectrum of 
hydrogen peroxide vapor in the ultraviolet region; 
FIG. 14A is a graph of ttie output spectrum for a low 
pressure mercury lamp; 

FIG. 148 is a graph of the output spectrum for a 
deuterium lamp; and 

FIG. 15 is a schematic diagram of a feedback loop 
system for maintaining a certain concentration of 
hydrogen peroxide vapor in the sterilization cham- 



ber. 

Detailed Description of the Preferr ed Emtaodiment 

5 [0027] The present inverrtion involves an apparatus 
and a method for measuring gas phase concentrations 
of hydrogen peroxide in the presence of water vapor. 
The apparatus and method are interKied for use in 
vapor sterilization procedures using hydrogen peroxide. 

10 Because hydrogen peroxide decomposes to oxygen 
and water, the gaseous samples to be analyzed always 
contain a mixture of hydrogen peroxide and water. In the 
method of the present invention, gas phase hydrogen 
peroxide is measured spectrophotometrically using an 

15 ultraviolet light source ratiier tiian the near infrared 
(NIR) source of the previous invention When the spec- 
troscopic measurement is done in the NIR by the 
method of the previous invention, absortjance measure- 
ments must be done at two different wavelengths, 

20 because both water and hydrogen peroxide absorb in 
the NIR. The concentration of water is determined at a 
wavelength at which it ak>sorbs and the hydrogen pefxax- 
ide does not. The interference of the water vapor with 
the hydrogen peroxide absoriaance at the other wave- 
rs lengtii is sut>tracted to obtain the absort>ance due to 
hydrogen peroxide alone. Under tiie method of the 
present invention, an ultraviolet light source is used. 
There is no need to do the determination at two different 
wavelengths, determine water separately, and correct 

30 the hydrogen peroxide at)sort)ance for the water inter- 
ference, because water does not absorb in the ultravio- 
let region of the spectrum. The instrumentation, 
associated electronics, and the analysis procedure are 
tiierefore all simpler than in the previous invention. 

35 [0028] However, many organic molecules absort) 
strongly in the ultraviolet region Organic vapors are 
likely to be present in the sanples due to outgassing of 
equipment in the sterilization chamber, the presence of 
organic solvents, etc. The interference from organic 

40 molecules is difficult to subtract from the absork^ance 
due to hydrogen peroxide, ft^ecause each organic mole- 
cule has its own absorption spectrum and intensities. 
Without knowing the identity of the organic species, one 
does not know what correction factor to use to subtract 

45 the at)sorfc>ance due to the organic compounds. In the 
present invention, these interfering absorption peaks in 
the ultraviolet region due to species such as organic 
molecules are removed by evacuating the sterilization 
chamber to a low level, far lower than in the previous 

so invention. This improvement eliminates the necessity to 
sut>tract the absorption intensities of these interfering 
species from the absorption due to hydrogen peroxide. 
A series of otiier improvements in the apparatus, elec- 
tronics, and procedures enhance the stability of the 

55 ultraviolet light source and detector and tiie sensitivity of 
the method. The preferred embodiment uses a combi- 
nation of these improvements to obtain the maximum 
benefit of the preserrt invention. 
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Measurem ent Device 

[0029] ngur 1 shows the invention in its simplest pre- 
ferred embodiment. The Fig^^e includes several, but not 
all, of the improvements of present invention. Hydrogen s 
peroxide and water vapor are present in a sterilization 
chamber 20. An ultraviolet light source 30 produces 
ultraviolet light at one end of an optical path 40. The 
ultraviolet light source can be a variety of lamps, includ- 
ing, but not restricted to, a deuterium lamp or a low pres- 
sure mercury lamp. The low pressure mercury lamp is 
preferred. The ultraviolet light source is stabilized by a 
current regulating lamp driver 50. The ultraviolet light 
passes along the optical path, is partially absorbed by 
the hydrogen peroxide, and is detected by the optical 
radiation detector 60. The optical path is defined by the 
ultraviolet light transmitted between the ultraviolet light 
source and the optical radiation detector. The signal 
from the optical radiation detector is converted in a cur- 
rent to voltage amplifier 70 and is processed and dis- 
played in the conversion and display electronics 80. The 
ultraviolet light source 30 is housed in a thermally stabi- 
lized lamp housing 90. The optical radiation detector is 
housed in a thermally stabilized detector housing 100. 
The sterilization chanrtoer 20 can be evacuated with a 
vacuum pump 1 10. Almost all of the conponents of this 
embodiment of the invention have improvements over 
the previous invention, as will become apparent as each 
of the components is described in more detail. 

Sterilizatio n Chamber 

[0030] An example of a suitable sterilization chamber 
20 is shown in Rgure 2. The sterilization chamber in the 
Figure is a cylinder with one rounded end and one flat 
erxJ. The flat end has a door to provide an opening so 
that equipment can be placed inside the sterilization 
chamber for sterilization. Other types of sterilization 
chamber are suitable. for use in the present invention. 
The application of this inverttion to these other types of 
sterilization chancer will be apparent to those skilled in 
the art The sterilization chamJDer is made of material 
which is resistant to hydrogen peroxide vapor. Suitable 
materials include Aluminum T6061 , 300 series stainless 
steel, or other suitable materials. Aluminium T6061 is a 
preferred material. The sterilization chamber includes a' 
liquid or vapor sterilant inlet port 44 for introduction of 
hydrogen peroxide liquid or vapor and an exhaust port 
46. The exhaust port 46 is connected to the vacuum 
pump 110. Optionally, a plasma electrode 34 (not so 
shown) is present inside the sterilization chanrtoer to 
allow for the generation of a plasma. 

Ootical Path 

55 

[0031] There are many ways to form the optical path 
40 for transmission of optical radiation from the ultravio- 
let light source to the optical radiation detector. In one 
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preferred embodiment, the optical path is formed by the 
dimensions and construction of the sterilization cham- 
ber 20. When it is desired t place one end of the optical 
path on a curved wall of the sterilization chamber, an 
aluminum flange 24 is welded orrto the wall of the steri- 
lization chamber. Rgure 3 shows an exannple of the alu- 
minium flange 24. The aluminum flange is formed by 
welding a flange rim 26 onto a flange pipe 28. A series 
of flange holes 32 are drilled through the flange rim 26 
as shown. The flange holes are threaded to allow for the 
attachment of optical equipment or plugging flanges. 
[0032] A preferred method of welding the aluminum 
flange 24 to the walls of the sterilization chamber 20 is 
shown in Rgure 4. A hole large enough to allow for the 
passage of the flange pipe 28 on the aluminum flange 
24 is drilled through the wall of the sterilization chancer 
20. The flange pipe 28 is pushed through the hole and 
is welded to the wall of the sterilization chamber so that 
the seal is vacuum tight. 

[0033] One preferred method of forming the optical 
path 40 is shown in Figure 5. Two aluminum flanges 24 
are welded onto tfie sterilization chamber 20 so tiiat the 
optical path 40 is along the short axis of the sterilization 
chamber. The plasma electrode 34 shown on the draw- 
ing is used when plasma is generated during the sterili- 
zation process. The plasma electrode is not continuous, 
and the optical path 40 is in fluid communication with 
tiie sterilization chamber interior 36. The optical path 40 
is therefore exposed to a concentration of hydrogen per- 
oxide which is representative of that in the sterilization 
chamber interior 36. Another view of this metiiod of 
forming the optical path 40 witii aluminum flanges 24 is 
shown on Rgure 2, where the two aluminum flanges 
comprising this configuration are labelled as 24A and 
24B. 

[0034] The thermally stabilized lamp housing 90 and 
tiie thermally stabilized detector housing 100 are 
attached to opposite ends of the optical path 40. One 
preferred method for the attachment of tha optima! 
equipment is shown in Rgure 6. The thermally stabi- 
lized lamp housing 90 is attached with a series of bolts 
92 to the aluminum flange 24 on one end of the optical 
path 40, and the tiiermally stabilized detector housing 
100 is similariy attached with bolts 92 to the aluminum 
flange 24 on the other end of the optical path 40. The 
ultraviolet light source 30 is placed in the tiiermally sta- 
bilized lamp housing 90 and is electrically connected to 
the lamp driver circuit board 98. The lamp driver circuit 
board is attached to tiie thermally stabilized lamp hous- 
ing 90 with attachment screws 102. The current regulat- 
ing lamp driver 50 is electrically connected to the tanp 
driver circuit board 98 to control the current delivered to 
the ultraviolet light source 30. 

[0035] An optical window 94 Is mounted on an O-ring 
96 to isolate the sterilization chamber from the ultravio- 
let light source witii a vacuum-tight seal. The optical 
window is constructed from a material with the ability to 
transmit ultraviolet radiation. The optical window must 
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also be capable of withstanding the pressure of deep 
vacuum without breakage or distortion. In the prefen-ed 
embodiment, the optical windows are made from ultravi- 
olet grade fused silica. The O-rings 96 are made of a 
flexible material which does not degrade when exposed 
to hydrogen peroxide vapor. The preferred material for 
the O-rings is Viton TM. a polymer produced by DuPont. 
Use of the optical windows must include provisions for 
maintaining their temperature above the condensation 
threshold for the hydrogen peroxide/water mix at the 
expected operating concentration levels. In this design 
the optical windows are in thermal contact with the ther- 
mally stabilized lamp housing 90 to maintain their tem- 
perature. 

[0036] The optical radiation detector 60 is housed in 
the thernf\ally stabilized detector housing 100. The opti- 
cal window 94 and the O-ring 96 isolate the optical radi- 
ation detector from the sterilization chamber with a 
vacuum-tight seal. An optional optical bandpass filter 52 
may be placed between the optical radiation detector 60 
and the optical window 94 as shown in Figure 7 or alter- 
natively between the ultraviolet light source 30 and the 
optical window 94 at the other end of the optical path. 
The optical bandpass filter allows the trarrsmission of 
optical radiation at a particular band of wavelengths 
while rejecting all other wavelength components. 
[0037] The detector circuit board 62 covers the optical 
radiation detector 60 and is attached to the thermally 
stabilized detector housing 100 with the attachment 
screws 102. The detector circuit board 62 is electrically 
connected with the optical radiation detector 60. The 
current to voltage amplifier 70 is attached to the. detec- 
tor circuit board 62 to convert the signal from the optical 
radiation detector 60 before processing in the conver- 
sion and display electronics 80. 
[0038] Figure 7 shows an alternative method of form- 
ing an optical path 40 and of attaching the thermally sta- 
bilized lamp housing 90 and the thermally stabilized 
detector housing 100 to the sterilization chamber 20. In 
this method, a mounting hole 42 is drilled through the 
wall of ttie stQ-ilization chamber 20. and the thermally 
stabilized lanrp housing 90 and the thermally stabilized 
detector housing 100 are attached directly to the wall of 
the sterilization chamber rather than being attached to 
the aluminum flange 24. The O-ring 96 is placed 
between the wall of the sterilization chamber and the 
optical window 94 to make a vacuum-tight seal. The 
bolts 92 fit into threaded holes in the wall of the steriliza- 
tion chamber to securely attach the thermally stabilized 
lamp housing and the thermally stabilized detector 
housing to the wall of the sterilization chamber. When 
either the thermally stabilized lamp housing or the ther- 
mally stabilized detector housing is to be attached to a 
flat wall of the sterilization chamber, the attachment 
method shown in Figure 7 is preferred. The attachment 
method of Figure 6 using an aluminum flange 24 may 
also b used, but is not preferred, when the optical 
housings are attached to a flat wall of the sterilization 



chamber. If both the thermally stabilized lamp housing 
90 and the thermally stabilized detector 100 housing 
are to be attached to flat walls f the sterilization cham- 
ber with the method shown in Figure 7 to form an optical 

5 path 40. the two mounting holes 42 must be on opposite 
walls of the sterilization chamber, the two walls where 
the mounting holes are drilled must be parallel, and the 
two mounting holes must be located in alignment so that 
an optical path 40 exists between the two holes. The 

TO optical path is defined by the ultraviolet light path 
between the ultraviolet light source 30 and the optical 
radiation detector 60. 

[0039] Some of the preferred embodiments of the 
present inviention require the use of more than one opti- 
15 cal path. Any of the described methods of the present 
invention may be used to form the additional optical 
paths. 

[0040] Another preferred attachment method for the 
optical housings uses the attachment method of Rgure 

20 6 with the aluminum flange 24 on one end of the optical 
path 40 and the attachment method of Rgure 7 with the 
mounting hole 42 on the other end. The thermally stabi- 
lized lamp housing 90 is attached to either the alumi- 
num flange 24 or the mounting hole 42, and the 

25 thermally stabilized detector housing 100 is attached to 
whichever device is not used for attachment of the ther- 
mally stabilized lanrtp housing. Any of the described 
attachment methods for the optical equipment which 
forms an optical path 40 between the ultraviolet light 

30 source 30 and the optical radiation detector 60 may be 
used as a part of the preferred enrbodiment of this 
invention. Other suitable attachment methods may also 
be employed as part of the present invention. 
[0041 ] None of the described attachment methods for 

35 the optical equipment such as the ultraviolet light source 
and the optical radiation detector include focussing 
devices such as lenses, although the use of focussing 
devices such as lenses is part of the emtxxiiment of the 
present invention. The use of focus^sing" devices i^ not 

40 part of the preferred embodiment. bGcause optical 
alignment is not as critical if one does not use such 
focussing devices. By not using focussing devices, the 
diameter of the light beam from the ultraviolet light 
source is far larger than the size of the receiving optical 

45 radiation detector at the other erKi of the optical path. 
The present invention is therefore forgiving if either the 
ultraviolet light source or the optical radiation detector is 
manufactured or assembled out of alignment. A system 
containing focussing devices such as lenses would not 

50 be so forgiving of perturbations to the optical equip- 
ment. The ultraviolet light source 30 is preferat>ly con- 
nected electrically to a current regulating lamp driver 50. 
Operation with a regulating, constant-current driver 
allows for stable ultraviolet output of the lamp. In the 

55 present invention, it is required that the optical output of 
the light source remains constant during operation for 
accurate results. 
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Current R eaulatino Lqmp Hrh/or 

[0042J The ultraviolet light source 30 is preferably con- 
nected electrically to a cunr§nt regulating lamp driver 50. 
Operation with a regulating, constant-current driver s 
allows for stable ultraviolet output of the lamp. In the 
present invention, it is required that the optical output of 
the light source remains constant during operation for 
accurate results. 

[0043] This device is another improvement of the io 
present invention. Many lamps are driven with a voltage 
regulating lamp driver. When the ultraviolet light source 
is driven with the current regulating lamp driver, the out- 
put light of the ultraviolet light source is more statsle than 
when it is driven with a voltage regulating lamp driver, is 
Use of the cun-ent regulating lamp driver is therefore 
part of the preferred embodiment of the present inven- 
tion. The circuit diagram for the current regulating lamp 
driver is shown in Rgure 8. In addition to regulating the 
amount of cunrent to the ultraviolet lamp, the lamp driver 20 
allows for the increased terminal voltage required for 
igniting the lamp the lamp before transitioning into a 
steady or constant current mode. The circuit also allows 
for digital control of the lamp's optical state, either on or 
off. 2S 

Optical Radiation D&i^qf 

[0044] After the ultraviolet radiation from the ultraviolet 
light source passes through the sample, it is detected 30 
witii the optical radiation detector 60. Under tiie pre- 
ferred emtKxliment of the present invention, the optical 
radiation detector is an optical detector suitable for 
detecting ultraviolet light. Although there are many suit- 
able detectors available, the detector used in the 3s 
present system is a silicon photodiode type detector 
with an active area of 5.8 x 5.8 mm. The detector is 
housed in a TO-8 package with a quartz window. Other 
detectors are suitable, including CCD arra||. photodi- 
ode arrays and photomultiplier tubes. 4o 

Detection/Sional Processi ng Electronics 

[0045] After the ultraviolet radiation is detected by ttie 
optical radiation detector, the detector signal must be 45 
processed. The detection and signal processing elec- 
tronics are shown in Rgure 9. 

Movable Gas Cell 

so 

[0046] In all of the above embodiments, botii the ultra- 
violet light source 30 and the optical radiation detector 
60 are fixed to one location on the walls of the steriliza- 
tion chamber 20. The themnally stabilized lamp housing 
90 and th thermally stabilized detector housing 100 ss 
are attached to tiie aluminum flange 24, as shown in 
Rgure 6. or are attached directiy to tfie sterilization 
chamber wall on the mounting hole 42, as shown in Rg- 



ure 7. Relocation of either tiie tiiermally stabilized lanp 
housing 90 or the tiiermally stabilized detector housing 
100 to another position on th sterilization charTi>er 
would require the addition of aluminum flanges 24 or 
mounting holes 42 to the sterilization chancer at loca- 
tions which form an optical path going through the area 
to be monitored. The addition of an aluminum flange or 
a mounting hole requires extensive machining and/or 
welding. Even if the aluminum flanges or mounting 
holes are added to the sterilization chamber, equipment 
which is placed in the sterilization chamber to be steri- 
lized may block the optical path 40. preventing the 
measurement of the hydrogen peroxide vapor concen- 
tration. A more flexible metiiod of mounting the optical 
equipment is therefore desirable in order to allow meas- 
urements of hydrogen peroxide vapor concentrations to 
be taken at various locations inside the sterilization 
chamber without tfie need to make extensive modifica- 
tions to the sterilization chamber. 
[0047] Rgure 10 shows a diagram of a movable gas 
cell 120 and associated equipment for determination of 
hydrogen peroxide vapor at various locations through- 
out the sterilization chamber. An ultraviolet bulb 122 and 
a detector 1 24 are contained in a lamp/detector housing 
126. One end of a first optical fiber 128 is attached to 
tiie ultraviolet bulb 122. The other end of the first optical 
fber 128 is connected to a first end of the movable gas 
cell 120 so tiiat light is conducted from the ultraviolet 
bulb 122 through tiie first optical fiber 128 into the mov- 
able gas cell and travels the length of the cell. One end 
of a second optical fber 130 is attached to the detector 
124. The other end of the second optical fiber 130 Is 
connected to the second end of the movable gas cell 
such that the light from the first optical fiber 1 28 is trans- 
mitted the length of the nruivable gas cell 120 and is 
received by tiie second optical fiber 130. The second 
optical fiber 130 transmits the received light to the 
detector 124, where the received light Is converted to an 
electrical signal. The electricsJ signs! from the detector 
124 is sei^ to the current to voltage amplifier 70 and 
then to the conversion and display electronics SO. The 
ends of the two optical fibers 128 and 130 are oriented 
and aligned so tiiat tiie movable gas cell 120 provides 
an optical patii 40 with a fixed optical length between 
tiie ends of the optical fibers 128 and 130. The movable 
gas cell 120 contains openings so that the interior of the 
movable gas cell is in fluid communication wrtii the 
atmosphere of the sterilization chamber so that the gas 
in the movable gas cell is representative of the gas in 
the Immediate are in the sterilization chamber. 
[0048] The movable gas cell is constructed of materi- 
als that dp not interact with hydrogen peroxide gas. 
These materials include Aluminum T6061, 300 series 
stainless steel. Teflon, or glass. To allow for flexibility, 
ttie active area of the optical fibers 128 and 1 30 is com- 
posed through the bundling of snrtaller fibers 132. typi- 
cally between 100 x 10"^ meters and 1500 x 10"^ meters 
but most preferat>ly 100 x 10"® meters in diameter. 
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These smaller fibers 132 are arranged to form a ftoer 
bundle 134. shown In Figure 11C. with larger active 
area between 0.010 inches and 0.5 inches in diameter, 
but most preferably 0.125 inches in diameter. The 
smaller fiber's core is made of quartz capable of optical 
transmission in the ultraviolet. Each individual smaller 
fiber is clad with fluorine doped silica for its optical char- 
acteristics and coated with a polyimide to increase the 
fiber's strength. However, this polyimide coating is reac- 
tive with hydrogen peroxide. It is because of this reac- 
tion that it Is necessary to keep the fiber coating from 
coming into contact with the hydrogen peroxide within 
the chamber that is being monitored. For this purpose, 
a Teflon sleeve 136 is secured around the fiber bundle 
134 within the space existing between the fiber bundle 
134 and the outer stainless steel interlocking protective 
jacket 1 38. Figures 1 1 B and 1 1 C show how the smaller 
fibers 132 are bundled together to form a fiber bundle 
134 and are covered with the Teflon sleeve 136 and 
stainless steel interlock 138. In Rgure 11B. the ftoer 
bundle 134 is shown with a glass code because of the 
combined quartz and fluorine doped cores. The optical 
fibers 128 and 130 are preferably 0.5-20 meters in 
length, but may be up to at least 200 meters in length. It 
is most preferred that the optical fibers are 1. meter in 
length. 

[0049] In other embodiments, the movable gas cell 
can contain reflective or refractive optics to direct the 
optical radiation in such a path as to increase the effec- 
tive exposed pathlength of the optical radiation while not 
increasing the physical size of the cell. Other embodi- 
ments of the movable cell include all of the embodi- 
ments of the various forms of spectrophotometers, to be 
discussed in detail later, including the single beam ultra- 
violet spectrophotometer, the single beam ultraviolet 
spectrophotometer witii interference filter, the dual 
beam ultraviolet spectrophotometer, and the variations 
on these embodiments. 

[0050] Use of the movable gas cell is derrtonstraied tn 
Rgure 12. The gas cell 120 is shown inside the sterilisa- 
tion chamber 20 on an equipment rack 140. The 
lamp/detector housing 126 is mounted on tiie steriliza- 
tion chamber through the use of a KF style vacuum fit- 
ting at any location that will not interfere with normal 
operation of the sterilizer. Rgure 12 shows an alterna- 
tive configuration for the movable gas cell in which the 
two optical ftoers 128 and 130 are housed in a sheath 
and are thus not visible in the Rgure. The ultraviolet 
bulb 122 is preferably connected to the current regulat- 
ing lamp driver 50, and the detector 1 24 is connected to 
the current to voltage amplifier 70 and the conversion 
and display electronics 80. By using tills configuration, 
the concentration of hydrogen peroxide vapor on top of 
the equipment rack 140 can be determined witti the 
movable gas cell 120 with the method of the present 
invention. It would be almost impossible to locate optical 
equipment externally in a manner shown in Rgures 6-7 
or in the manner of the other external attachment 
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embodiments to obtain a measurement of the concen- 
tration of hydrogen peroxide vapor in tiie area of the 
equipment rack. It is almost certain tiiat either the 
equipment rack 1 40 or equipment placed on the rack for 
5 sterilization would block the opstical path 40 between the 
ultraviolet light source 30 and the optical radiation 
detector 60. 

[0051 ] The present method of measuring the concen- 
tration of vapor phase hydrogen peroxide vapor is a 

10 spectrophotometric determination using the ultraviolet 
light source peroxide vapor is a spectrophotometric 
determination using the ultraviolet light source 30 arKi 
the optical radiation detector 60 to measure the absortv 
ance A in the ultraviolet region. Although the ultraviolet 

IS region extends from 4-400 nm (nanometers), air 
absorbs ultraviolet light below akx)ut 200 nm. The ultra- 
violet region below 200 nm is therefore called the 
extreme ultraviolet, and the air must be removed from 
the apparatus to operate in this region. The region from 

20 200-300 nm is the far ultraviolet, and the region from 
300-400 nm is the near ultraviolet. It is preferred in the 
present invention to use an ultraviolet light source which 
operates in tiie near or far ultraviolet regions, from 200- 
400 nm. 

25 [0052] The concentration of hydrogen peroxide vapor 
is calculated using Beer's law, which states that Aseic . 
where e is the extinction coefficient of a substance at the 
measured wavelength. I is the sample lengtii. and c is 
the concentration of the substance being measured in 

30 the sample. In the present invention, the sample length 
is the length of the optical path 40. Beer*s law assumes 
that the light is monochromatic, that it be of a single 
wavelength. 

[0053] Alternatively, the concentration may be deter- 

35 mined from a calibration curve of absort>ance versus 
the concentration of hydrogen peroxide vapor. The pro- 
cedure for obtaining this calibration curve is described 
under Example 1 fcselow. 
_-[p0S4j:„. There are at least two corrplicating factors in 

40 determining the concentration of hydrogen peroxide 
vapor spectrophotometrically. Rrst, any substance 
which absorbs at tiie chosen wavelength will contribute 
to the absork>ance and thus potentially interferes with 
the determination of the concentration of hydrogen per- 

45 oxide vapor. Second, the ultraviolet light source 30 does 
not emit light at a single wavelength. The emission 
spectrum of the ultraviolet light source is dependent on 
the ultraviolet light source type. The emission spectra 
may be broad or contain multiple peaks. As a result 

so there may be deviations from Beer's law. The present 
invention employs several different methods which can 
minimize both problems. The issue of interferences will 
be discussed first 

[0055] The previous invention analyzes hydrogen per- 
55 oxide spectrophotometrically with a light source in the 
near infrared (NIR) region. Hydrogen peroxide has a 
strong absorption peak centered at approximat ly 1420 
nm in the NIR. Water also has an absorption in the 
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same region. There is thus an interference between the 
hydrogen peroxide and water peaks, because the 
absorbance at 1 420 nm is due to a combination of water 
vapor and hydrogen peroxide vapor. In the previous 
invention, the concentration of water in the sample is s 
determined spectrophotometrically in another region of 
the NIR where hydrogen peroxide does not have a 
absorption peak, and the contribution to the absort>ance 
at 1420 nm from the determined concentration of water 
is subtracted from the total absorbance at 1420 nm to w 
determine the absort>ance due to hydrogen peroxide. 
The concentration of hydrogen peroxide vapor can then 
be calculated using the corrected absorbance and 
Beer's law. 

[0056] In the present invention an ultraviolet light is 
source is used rather than an NIR light source. The 
absorption spectrum of hydrogen peroxkSe vapor in the 
ultraviolet region is shown in Figure 13. The absorption 
band extends strongly from 190-300 nm. Water vapor 
does not absorb in this region. There is therefore no 20 
need to subtract the absort^ance due to water from the 
hydrogen peroxide absortjance, as in the previous 
invention, because there is no interference between the 
two conrpounds in the ultraviolet region. The use of an 
ultraviolet light source rather than a NIR light source is a 25 
maior improvement of the present invention over the 
previous invention. The data analysis is simpler, and the 
electronics can be simpler and less expensive. 
[0057] There is a remaining interference with the 
hydrogen peroxide absort>ance in the ultraviolet region. 30 
Many organic molecules have broad, intense absorp- 
tion peaks in the ultraviolet region. Organic molecules 
may be present in the sterilization chamber due to out- 
gassing or tiie presence of organic solvents. It is difficult 
to determine tiie concentration of the organic molecules 3s 
and subtract their contribution to the absorption in the 
ultraviolet using a metiiod similar to the previous inven- 
tion for two reasons. Rrst. the absorption peaks of both 
the hydrogen peroxide end the prganicmolecules in the 
ultraviolet are very broad^lt is very'diff icult or impossible 40 
to find a region of the ultraviolet where the peaks do not 
overlap. One cannot easily determine tine concentration 
of the organic molecules using nonoverlapping peaks, 
as In the previous invention. Second, each organic mol- 
ecule has a different absorption peak with a different 45 
extinction coefficient. If one does not know what organic 
molecule is present, one does not know what correction 
should be made on the ultraviolet absoitsance. It is 
therefore difficult to correct the hydrogen peroxide 
absort)ance in the ultraviolet region for the contribution so 
due to organic molecules. 

[0058] In the present invention, the interference from 
the organic molecules is removed by evacuating the 
sterilization chamber through the exhaust port 46 using 
the vacuum pump 110 until a vacuum of 500 millitorr is ss 
reached. This vacuum may range from 0 to 50 torr. more 
preferably from 0 to 10 torr, and most preferably from 0 
to 1 torr. At this point, radio frequency plasma may be 



run to disassociate any remaining hydrogen peroxide 
vapor into water and oxygen. This may require ttiat the 
plasma operate betw en 1 and 15 minutes. At this point 
tiie vacuum pump may again continue to evacuate the 
chamber to tiie desired initial pressure, most preferably 
from 0 to 1 torr. The absorbance of the present condition 
of the chamber is then measured. This is the baseline 
reference. It establishes a baseline for the system such 
tiiat a signal above the baseline reference is due to an 
absorbing species in the optical patii. 
[0059] in order to confirm tiiat any potential sources of 
interfering gas that may exist within the chamber prior to 
the injection of hydrogen peroxide do not interfere with 
the measurement of hydrogen peroxide, the baseline 
absorbance reading is monitored for 5 to 60 seconds. 
During tiiis time, the throttie valve is closed and both the 
pressure and absorbance are recorded. If the absorb- 
ance changes by an amount greater than a predeter- 
mined maximum the system is declared unstable and 
further high vacuum treatment or radio frequency 
plasma may be necessary. This may occur if the load to 
be sterilized is releasing a gas that also absorbs at the 
measuring wavelength, for example. 
[0060] The previous system evacuates the steriliza- 
tion chamber only to a pressure of 20 torr or less when 
obtaining a baseline reference. Evacuating the system 
to a lower pressure of 500 millitorr in tiie present inven- 
tion removes more of the organic molecules, reducing 
tiie amount of interference with the hydrogen peroxide 
absorption band. Evacuating to 20 torr removes 97% of 
tiie atmosphere. Evacuating to 500 millitorr removes 
99.93% (759.5 torr/760 torr) of tile atmosphere, signifi- 
cantly more than the previous invention. Some organic 
molecules have strong absorption peaks in the ultravio- 
let region, and even a small amount of organic com- 
pound remaining could irrterfere with the determination 
of hydrogen peroxide vapor. 

[0061 1 The success of the present invention for deter- 
mining the concentration of hydrogen peroxide by using 
an ultraviolet light source depends on a sa-ies of 
improvements which make the determination practical: 
1 . Removing the interfering organic species to a high 
degree by using a high vacuum treatment of 500 millitorr 
and 2. Establishing of a zero baseline for hydrogen per- 
oxide through the use of radio frequency plasma to dis- 
associate any hydrogen peroxkde vapor present at or 
below 500 millitorr. Both are part of the preferred 
embodiment of this invention and part of a series of 
improvements of the present invention. 
[0062] The emission characteristics of the ultraviolet 
light source are another potential complication with the 
spectrophotometric determination of hydrogen peroxide 
in the ulbBviolet region. The ult^violet fight source does 
not emit light at a single wavelength, but at multiple 
wavelengths. For example, a typical output spectrum for 
a low pressure mercury vapor lamp is given in Rgure 
14A. The principal emission lin is at 253.7 nm (usually 
rounded to 254 nm). a region in which hydrogen perox- 
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ide absorbs strongly, and water does not absorb. As 
shown on Figure 14A, many other emission peaks are 
present, although they are far less intense than th prin- 
cipal peak at 234 nm. (Note that the vertical scale on 
Figure 14A is a logarithmic scafe. and the smaller emis- 5 
sion peaks are not as large as they first appear.) The 
emission spectrum for a deuterium lamp is shown in 
Figure 14B. The lamp emits light in a broad band in the 
ultraviolet, extending from less than 200 nm to atxjut 
350 nm. with a tail extending beyond. The multiple emis- ro 
sion peaks of the low pressure mercury vapor lamp and 
the broad emission bid of the deuterium lamp can lead 
to deviations from Beer's law. The present invention pro- 
vkles means to minimize the effects from the fact that 
the ultraviolet light source is not monochromatic. is 
[0063] In the simplest embodiment of this invention, 
the full spectrum of the ultraviolet light source 30 is col- 
lected by the optical radiation detector 60. The radiation 
spectrum is only limited by the spectral characteristics 
of the optical windows and the optical radiation detector. 20 
This emtxxliment may be refen-ed to as the single beam 
ultraviolet spectrophotometer. Radiation collected by 
the optical radiation detector is integrated with respect 
to its wavelength dependent quantum efficiency. The 
output of the optical radiation detector is thus a summa- 25 
tion of tile photon count for each spectral wavelength 
reaching the detector multiplied by the radiation detec- 
tor's quantum efficiency at tiiat specific wavelength. 
Dependent upon the spectral characteristics of the 
ultraviolet light source, the output of the optical radiation 30 
detector may be due to a group of wavelengtiis that are 
absorbed by the hydrogen peroxide vapor in the optical 
patii and other wavelengths that are not absortjed by 
the hydrogen peroxide vapor in the optical path. In 
ternns of the system output response, the nonabsorbing 35 
wavelengths act as stray light in the system and limit the 
measurement of the true absorbance resulting in devia- 
ti ns from Beer's law. This may not be a problem if there 
prcper calibration of the conversion between 
abs<jrbance and concentration of hydrogen peroxkje for 40 
the particular optical source being used. The long term 
accuracy of this approach depends on the stability of 
the spectral intensities of tiie ultraviolet light source and 
the response of ttie optical radiation detector. Specifi- 
cally, the total amount of non-absorbing light converted 45 
by the optical radiation detector needs to remain con- 
stant over time. The response of tiie optical radiation 
detector is affected by temperature changes. Tempera- 
ture changes must therefore be minimized. The present 
invention provjdes rpeans to minimize changes in both so 
the output spectrum of the ultraviolet radiation source 
and the response of the optical radiation detector with 
respect to both time arxJ temperature. 
[0064] The stability of the output of the ultraviolet radi- 
ation source is insured in two ways. Rrst. in the pre- ss 
ferred embodiment of this invention, the power supply is 
driv n with the current regulating lamp driv r 50 rather 
than the conventional voltage regulating lamp driver. 



When controlled by the current regulating lamp driver, 
tiie output specti-um of the ultraviolet light source is 
more stable than when it is controlled with a voltage reg- 
ulating lamp driver. The stability of the ultraviolet light 
source is important in all of the embodiments of the 
present invention but is especially important in the 
embodiment of the single beam ultraviolet spectropho- 
tometer, where the full spectrum of the ultraviolet light 
source is collected by tiie optical radiation detector, 
because any change in the output source will affect the 
validity of tiie calibration between absorbance and the 
concentration of hydrogen peroxide. The use of the cur- 
rent regulating lamp driver to stabilize the ultiravidet 
radiation source is one of the important improvements 
of the present invention and is part of the preferred 
embodiment 

[0065] The second way the stability of the ultraviolet 
light source is optimized is by minimizing the changes in 
temperature experienced by the light source. The output 
spectrum of both tiie deuterium lamp and the low pres- 
sure mercury vapor lamp change with temperature. The 
temperature changes experienced by the uttraviolet 
light source should therefore be minimized. 
[0066] The mode of attachm^ of the ultraviolet light 
source 30 to the sterilization chamber inherentiy mini- 
mizes temperature changes. Thus, the ultraviolet light 
source is housed in the thermally stabilized lamp hous- 
ing 90. In turn, tiie thermally stabilized lamp housing is 
attached directiy to the wall of the sterilization chamber 
20 through the mounting hole 42 or indirectly through 
the aluminum flange 24. The sterilization chamber is 
large and very heavy. The sterilization chancer, ttie 
thermally stabilized lamp housing, and tiie aluminum 
flange are all normally fabricated from aluminum, a 
highly ttiermally conducting metal. The thermally stabi- 
lized lamp housing 90 Is in direct thermal contact witii a 
large mass of highly conducting aluminum metal, tiie 
sterilization chamt>er 20. The sterilization chamber 
therefore acts as a large heat sink to stabilize ths iem-^-" 
peratures of both the thermally stabilized lannp housing 
and the ultraviolet light source. The high thermal stabil- 
ity of the ultraviolet light source as a result of its attach- 
ment mode to the sterilization chamber is an important 
improvement of the present invention and part of the 
preferred embodiment 

[0067] The response of the optical radiation detector 
is also temperature dependent. Maintaining the optical 
radiation detector at constant temperature is therefore 
important in maintaining stability of the response of the 
detector. Just as for the they stabilized light housing, tiie 
tiiermally stabilized detector housing is in direct thermal 
contact with the massive sterilization chamber. Housing 
the optical radiation detector in tiie thermally stabilized 
detector housing therefore maintains constant tempera- 
ture due to its being in contact with the large heat sink 
sterilization chamber. The temperature stability of tiie 
optical radiation detector due t its method of attach- 
ment to the sterilization chamk>er is another improve- 
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mait of the present invention and is part of the preferred 
embodiment. 

[0068] The most preferred embodiment when operat- 
ing as a single beam ultraviolet spectrophotometer 
comprises use of the low pressure mercury lamp as an s 
ultraviolet light source with the current regulating lamp 
driver and use of the thermally stabilized lamp housing 
and thermally stabilized detector housing to maintain 
temperature stability of both the ultraviolet light source 
and the optical radiation detector. Although the inven- io 
Won is operative without the use of all of these Improve- 
ments In combination, the combination of improvements 
is the most preferred embodiment The low pressure 
mercury lamp as the ultraviolet light source provides a 
light source with a strong principal emission peak at 254 is 
nm. Because the emission peak at 254 nm is so strong, 
the deviations from Beer's law due to the presence of 
other emission peaks is less than for otiier ultraviolet 
light source with more diffuse emission spectra. There 
is thus less need for filters to remove other wavelengths 20 
when using the low pressure mercury vapor lamp than 
for other ultraviolet light sources. The temperature stabi- 
lized lamp housing and detector housing minimize the 
temperature changes in the ultraviolet light source and 
optical radiation detector, minimizing the changes in the 2S 
output spectrum and optical response due to tempera- 
ture effects. Use of the current regulating lamp driver 
provides additional stability to the output of the low pres- 
sure mercury vapor lamp. The stability of the output of 
the ultraviolet light source and the response of the opti- ao 
cal radiation detector are especially important when 
operating in the emt>odiment of single beam ultraviolet 
spectrophotometer, because there are no filters or other 
means of compensating for changes in either. The otiier 
methods of operation have means of at least partially 35 
corrpensating for these changes. 
[0069] In another embodiment of the present inven- 
tion, an optical bandpass filter is placed next to the ultra- 
violet light source or next to the optical radiation 
detector. This embodiment may be referred to as the 40 
single beam ultraviolet spectrophotometer with interfer- 
ence filter The particular location of the optical band- 
pass filter may depend on the amount of heat produced 
by the ultraviolet light source and the amount of stray 
light in the system. Rgure 6 shows one form of this^ 45 
embodiment with the optical bandpass filter 52 located 
next to the optical radiation detector 60. The design of 
the optical bandpass filter allows for tiie transmission of 
optical radiation at a small particular band of wave- 
lengths while rejecting all ottier wavelength compo- so 
nents. The optical bandpass filter allows the detector to 
measure optical radiation from only a select band of 
wavelengths emitted by tiie source and allowed to pass 
through the optical filter. The optical bandpass fitter linrv 
its any effects due to stray light, namely deviations from ss 
true and measured absort»nce values, and improves 
the dynamic range of the optical radiation detector. If the 
transmission characteristics of the optical tiandpass fil- 



ter allow for the passing of only one significant band of 
radiation which is absorbed by the hydrogen peroxide 
vapor, the measured absoribance approaches the true 
absorbance of the hydrogen peroxide vapor at that 
wavelengtii. One prefen'ed emtKxJiment of operation as 
a single beam ultraviolet spectrophotometer with inter- 
ference filter comprises use of the low pressure mercury 
light as the ultraviolet light source, a current regulating 
lamp driver, an optical bandpass filter selective for the 
254 nm wavelengtii (tiie primary tine for the low pres- 
sure mercury lamp), a thermally stabilized detector 
housing, and a thermally stabilized lamp housing. An 
even more preferred embodiment of the operation as a 
single beam ultraviolet spectrophotometer with interfer- 
ence filter comprises the use of the deuterium lamp as 
the ultraviolet tight source, a current regulating lairp 
driver, a bandpass filter selective of a narrow band of 
wavelengths centered at 206 nm, a thermally stabilized 
detector housing, and a tiiermally stabilized lamp hous- 
ing. 

[0070] By using the deuterium lamp with a optical 
bandpass filter selective of 206 nm light, the diffuse out- 
put barxj of the deuterium lamp can be narrowed into a 
select band of wavelengths, thus minimizing deviations 
from Beer's law. Because the low pressure mercury 
lamp has such a strong principal emission peak at 254 
nm. the improvement by adding an optical t)andpass fil- 
ter to the low pressure mercury lamp is less than for use 
of the deuterium lampi The use of the deuterium lamp 
with an optical bypass filter selective of light centered at 
206 nm is therefore the most preferred embodiment for 
a single beam ultraviolet spectrophotometer with inter- 
ference fitter. 

[0071 ] Adding an optical bandpass filter while operat- 
ing in the emixxiiment of single beam ultraviolet spec- 
trometer with interference filter reduces the amount of 
light transmitted. The lower lighrt level when using a opti- 
cal bypmss filter requires the use of high detector gains, 
which reduces the tenperature stability and fncrsacss 
system noise. The embodimsnt of a single beam ultravi- 
olet spectrometer with a low pressure mercury vapor 
lamp is therefore normally preferred over the embodi- 
ment of a single beam ultravioiet spectrometer witii 
interference fitter with a deuterium lamp, even though 
both are preferred emtxxiiments. 
[0072] Another embodimertt of the present invention 
comprises the use of a single optical path containing 
hydrogen peroxide vapor on which the absoibance 
measurement is to be made and the use of two or more 
optical radiation detectors fitted witii optical bandpass 
filters. This embodiment may be referred to as the single 
beam and dual wavelength ultraviolet specti-ophotome- 
ter. At least one of tiie optical radiation detectors is fitted 
with an optical bandpass filter or other means of select- 
ing a particular wavelength that is absorbed by the 
hydrogen peroxide vapor present in the sterilization 
chamber. A second optical radiation detector is fitted 
with an optical bandpass fitter or other means of select- 
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ing a wavelength that is not absorbed by the hydrogen 
peroxide vapor or water vapor in the sterilization cham- 
ber. Because the output of the second optical radiation 
detector is independent of the hydrogen peroxide vapor, 
variations in the output from the second optical radiation 5 
detector represent changes in the optical measurement 
system. This might include instabilities in the light 
source or changes in the efficiency of the optical radia- 
tion detector. The output of the optical radiation detector 
that is selective to hydrogen peroxide vapor is divided w 
by the output of the detector that is not selective to 
hydrogen peroxide vapor, providing an absorbance 
reading independent of variation in light source inten- 
sity. 

[0073] Another embodiment comprises two optical is 
radiation detectors selective to hydrogen peroxide vapor 
and two optical paths. The first optical path and detector 
are in fluid connection to a sterilization chamber where 
the amount of Injected hydrogen peroxide vapor is to be 
measured and the second optical path and detector is so 
not in fluid contact with hydrogen peroxide vapor 
injected into the sterilization chamber. This second opti- 
cal path may contain a reference amount of hydrogen 
peroxide vapor or simply be clear of any varying con- 
centrations of absorbing gasses. Output of the optical 25 
radiation detector in fluid connection with the steriliza- 
tion chamber is divided by the output of the detector and 
optical path not in fluid contact with the sterilization 
chamber, providing an absorbance reading independ- 
ent of variation in light source intensity. 30 
[0074] Alternately, this embodiment can include just 
one radiation detector selective to hydrogen peroxide 
vapor and a mechanism to alternately select light from 
the first optical path and the second optical path to send 
to the single optical radiation detector. In this embodi- 3s 
ment. the output of the single optical radiation detector 
alternates between the two optical paths. Since the out- 
put of the detector is changing in time, the signal needs 
to be stored and averaged in synchronism with the 
changing optical paths. Output of the optical radiation 40 
detector in synchronism with the first optical path is 
divided by the output of the optical radiation detector in 
synchronism with the second optical path leaving a 
result that is again independent of variations in the light 
source intensity. This type of sampled integration is well 45 
known by Individuals versed in the art. 
[0075] A variation on this approach would include the 
use of optical band pass filters selective to hydrogen 
peroxide for the reasons stated earlier. 
[0076] The following example describes a typical pro- so 
cedure for performing an analysis of the concentration 
of hydrogen peroxide vapor. 



Example 1 

Procedure for Perfarmino a Hydroge n Peroxide Vaoor 
Analysis 

[0077] 

1 . Pump down 

2. RF or no RF (depends on whether or not the load 
requires warning, or if you want absolute values 
(i e. a true zero baseline)) 

3. Vent 

4. Pump down 

5. Read first baseline. 

6. Wait for 30 seconds read second baseline. Look 
for outgassing. 

7. If stable, perform injection. 

[0078] In all of the embodiments, a typical procedure 
for performing a hydrogen peroxide analysis is as fol- 
lows. The optical path or the entire sterilization chamber 
is evacuated to a pressure of 500 millitorr or less to 
remove any hydrogen peroxide vapor or other absort>- 
ing gases to a level defined by the pressure, volume and 
temperature of the channber. For reduction of hydrogen 
peroxide below the amount potentially present at 500 
millitorr. radio frequency plasma may be energized for a 
period of several minutes to disassociate any remaining 
hydrogen peroxide. At this point the level of any remain- 
ing hydrogen peroxide will be below the resolution of the 
measurement system. 

[0079] Dependent on the particular sterilization cycle, 
at this point the chanrtber may be vented to atmosphere 
and evacuated again to a level of 500 millitorr or one 
n^y proceed directiy to injection of hydrogen peroxide. 
[0080] Prior to injection, the system is maintained at 
500 millitorr. A t>aseline reference is obtained and a 
dynamic check for any interfering gasses is performed. 
The iiist baseline isr refaten to any initial absorbing 
hydrogen peroxide or interfering gasses in the sample. 
This is done such that signals generated after injections 
are related to the concentration of injected peroxide and 
not to initial absorbing hydrogen peroxide or interlering 
gases. After 15 to 30 seconds, a second baseline is 
recorded and compared to the first. If the two baselines 
differ by more than a small amount, the load to be steri- 
lized is releasing hydrogen peroxide or a interfering gas 
into vapor, and the system is declared unstable. 
[0081] At this point the chamber may be evacuated 
again, arxi the RF plasma may be run again. The proc- 
ess is repeated until the system reaches a stable base- 
line. 

[0082] Hydrogen peroxide is then introduced through 
the liquid or vapor sterilant Inlet port 44, and the absorb- 
ance in the optical path 40 is measured. The hydrogen 
peroxide can be introduced as a pure material or in a 
carri r gas such as air, nitrogen, argon, or other suitable 
carrier gas. Air is normally preferred. Heat or ultrasound 
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may be used to help vaporize the hydrogen peroxide. 
The measured absorbance is compared to a calibration 
curve of absort>ance versus hydrogen peroxide vapor 
concentration to obtain the concentration of hydrogen 
peroxide vapor in the optical path. 
[0083] The calibration curve of hydrogen peroxide 
vapor concentration versus absorbance can be 
obtained in many different ways. One preferred method 
is as follows. All of the equipment to be sterilized is pref- 
erably removed from the sterilization chamber, and the 
sterilization chamber is evacuated to a low pressure, 
typically 500 millrtorr or less. A measured amount of 
hydrogen peroxide is introduced into the sterilization 
chamber, and the pressure In the chamber is monitored 
as a function of time. If the pressure changes, there is 
something in the chamber which is catalyzing the 
decomposition of hydrogen peroxide, or there is a leak 
in tiie system. Any remaining equipment is removed 
from the sterilization chamber, or the system is evacu- 
ated for a longer period of time to remove whatever is 
catalyzing tiie decomposition of the hydrogen peroxide. 
The process is repeated until tiie pressure in ttie system 
does not change after the hydrogen peroxide is intro- 
duced into tiie sterilization chamber. At this point, hydro- 
gen peroxide samples can be weighed and introduced 
into be sterilization chamber via the liquid or vapor ster- 
ilant inlet port 44 to obtain a calibration curve. The vol- 
ume of tiie sterilization chamber is known or can be 
measured using methods known to those skilled in the 
art. The concentration of hydrogen peroxide vapor in the 
chamber can then be calculated from the known weight 
of hydrogen peroxide and the known volume of the ster- 
ilization chamber. 

[0084] The absorbance of ttiis known concentration of 
hydrogen peroxide vapor is measured with the system 
of the present invention. The process is repeated with 
different weighed quantities of hydrogen peroxide to 
obtain a calibration curve of absorbance versus hydro- 
gen peroxide concerrtration. This calibration; otirverJs,. 
used to obtain the concentration of hydrogen peroxide 
vapor in the sterilization chamber from the absortjance 
measurement according to tiie method of the present 
invention. Other calibration methods can be used within 
the embodiment of this invention. 
[0085] This procedure is dependent on the total mass 
of injected peroxide existing in a vaporous state. This 
condition will be met if the amount of injected peroxide 
and water is below that required for condensation of the 
peroxide. The exact value where condensation will 
occur is dependent on the percent concentration of the 
peroxide/water mix and the temperature in tiie steriliza- 
tion chamber. 

[0086] Figure 1 5 shows a block diagram for the feed- 
back loop used to control the concentration of hydrogen 
peroxide vapor or gas in tiie sterilization chamber. 
[0087] Tiie measurement system is used to determine 
the concerrtration of hydrogen peroxid within the steri- 
lization chamber. An electrical signal representing the 



concentration is output from the detector and signal 
processing electronics. This value is fed back to an 
electrical or mechanical controller. Th controller also 
has input corresponding to the desired concentration 

5 within the sterilization chamber. Based on these two sig- 
nals and any other information the controller may have 
regarding the sterilization chamber, or the items urxler- 
going sterilization, a determination is made of how 
much additional hydrogen peroxide to inject into tiie Itq- 

70 uid or vapor sterilant inlet port. 

[0088] The controller may implement a proportional, 
integral and derivative style function to determine the 
exact rate at which to inject hydrogen peroxide witiiout 
exceeding a particular threshold. This function is conv 

15 monly referred to as a PID and is well understood by 
one versed in the art Alternatively, the controlier may 
simply dispense hydrogen peroxide at a fixed rate, stop- 
ping only when the desired level within the sterilization 
chamber is exceeded. 

20 [0089] The conti-oller may consist of a microprocessor 
based electi-ical device and/or analog electrical circuitry 
tiiat is capable of performing tiie necessary computa- 
tions required for determining the amount of additional 
hydrogen peroxide to input to the sterilization chamber. 

25 The controller must also signal the delivery system to 
release an additional amount of hydrogen peroxide to 
the sterilization chamber. This process is repeated until 
tiie set point concentration is reached. At this point, ttie 
controller stops the release of hydrogen peroxide. 

30 [0090] The following example demonstrates tiie use of 
the movable gas cell in mapping the concentration of 
hydrogen peroxide vapor throughout tiie sterilization 
chamber. 

35 Example 2 

Use of Movable Gas Cell to Map Hvdroaen Peroxide 
Vapor Concentration in a Sterilization Chamber 

40 [0091 ] The nrKivable gas cell is placed in the steriliza- 
tion chamber, hydrogen peroxide is introduced into the 
sterilization chamber through tiie liquid or vapor steri- 
lant Inlet port 44. and the concemration of hydrogen per- 
oxide is measured using tiie movat)le gas cell and the 

45 method of the present invention. The movable gas cell is 
moved to another part of tiie sterilization chamber, and 
the same amount of hydrogen peroxide is introduced 
into the sterilization chamber under the same condi- 
tions. The concentration of hydrogen peroxide vapor is 

so measured in the new location of the movable gas cell. 
The present is repeated, moving the movable gas cell 
throughout the sterilization chamber until a total of six or 
more measurements are done. The concentration distri- 
bution of the hydrogen peroxide vapor is plotted in three 

55 dimensions using contour plots to map the distibution 
of hydrogen peroxide vapor throughout tiie sterilization 
chamber. 

[0092] The following example shows how the movable 
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gas cell can be used to measure the concentration of 
hydrogen peroxide vapor in trays, containers, lumens, 
etc. 

Example 3 ^ 

Determination of Hvrir oaen Peroxide Vaoor Concentra- 
tion in Travs. Contain ers. Lumens, etc. Usino the Mova- 
ble Gas Cell 

[0093] A mixture of trays, containers, lumens, and 
other devices is placed in the sterilization chamber. The 
movable gas cell is placed in one of the devices in the 
sterilization chamber, hydrogen peroxide is injected into 
the chamber through the liquid or vapor sterilarrt Inlet 
port; and the concentration of hydrogen peroxide vapor 
Is measured, using the movable gas cell and the 
method of the pres^ invention. The movable gas cell is 
placed in a second device, hydrogen peroxide is 
injected, and the concentration of hydrogen peroxide 
vapor in the second device is measured using the 
method of the present invention. The movable gas cell is 
moved again into another device, and the process is 
repeated until the concentration of hydrogen peroxide 
vapor in all of the devices in the sterilization chamber 
has been measured. 

[0094] The following example demonstrates the use of 
the method of the present invention in determining the 
rates of vaporization and diffusion of hydrogen perox- 
ide. 

Example 4 

Peter mination of Speed of Vaporization of Hydrogen 

[0095] Hydrogen peroxide is injected into a sta-iliza- 
tion chamber which is equipped with an optical path with 
a single beam urtraviolet.spectrophotometer with a low 
pressure mercury lamp. The hydrogen peroxide is 
injected at a single time through the liquid or vapor ster- 
ilant inlet port. The concentration of hydrogen peroxide 
vapor in the optical path is monitored as a function of 
time in order to determine the speed of vaporization of 
the hydrogen peroxide and the rate of diffusion of the 
hydrogen peroxide vapor. 

[0096] The next example demonstrates the use of the 
movable gas cell in determining the speed of vaporiza- 
tl n of hydrogen peroxide. 

Example 5 

Petermination of Speed of Vaporization Using Movable 

gas Cg!l 

[0097] The test of Example 4 is repeated, except that 
th movat)le gas cell is used rather than th fixed single 
beam ultraviolet spectrophotometer. The movable gas 



cell Is moved to various locations In the sterilization 
chamber to determine the relative rates of diffusi n of 
hydrogen peroxide vapor thr ughout the sterilization 
chanrtber. 

[0098] The next example demonstrates the use of 
both the single beam uttravlolet spectrophotometer and 
the movable gas cell in meaning the effects of loading. 

Example 6 

Determination of Effects of Amount a nd Conf iquratinn nf 
Loading 

[0099] Tests are performed on the rates of vaporiza- 
tion and diffusion of hydrogen peroxide vapor in the 
sterilization chamber as a function of the anfx>unt of 
equipment to be sterilized and the arrangement of the 
equipment in the sterilization chamber. Both the fixed 
single beam ultraviolet spectrophotometer and the mov- 
able gas cell are used In these tests. 
[01 00] The following example illustrates the use of the 
method of the present invention to determine the effect 
of the temperature of the equipment loaded into the 
sterilization chamber. 

Example? 

Petermination of Effects of Temperat ure of the Equip- 
ment 

[0101] Tests are performed as In Example 6, except 
that the temperature of the equipment which is loaded 
into the sterilization chamber is varied. In this manner, 
the effect of the tenperature of the equipment on the 
distribution of hydrogen peroxide vapor is determined. 
[01 02] The next example demonstrates the use of the 
rnovak}le gas cell in dosed loop control. 

Examples 

Use of Movable Gas Cell for Closed Loop Contml 

[01 03] The movable gas cell is used as in Example 2 
to determine the location in the sterilization chamber 
having the lowest concentration of hydrogen peroxide 
vapor. The movable gas cell is placed in the location of 
the lowest concentration, and the movable gas cell is 
used as a sensing device to measure the concentration 
of hydrogen peroxide in the sterilization chamber. This 
lowest concentration is fed back to an electrical or 
mechanical controller that conpares the measured con- 
centration with that of the desired set point concentra- 
tion. Based on these two signals and any other 
Irtfbrmation the controller may have regarding the steri- 
lization chamber or the items undergoing sterilization, a 
determination is made of how much additional hydrogen 
p^oxide to inj ct into the liquid r vapor sterilant inlet 
port. When the set poirrt concentration is reached, the 
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controller stops the release of hydrogen peroxide, tn this 
manner, closed loop control of hydrogen peroxide vapor 
concentration is established, using the movable gas cell 
as a monitoring device to regulate the hydrogen perox- 
ide concentration at a unique location. 5 

Claims 

1. A method of determining the concentration of 
hydrogen peroxide vapor or gas in a contained area 10 
comprising: 

(a) evacuating said contained area; 

(b) introducing hydrogen peroxide into said 
contained area to form a sample, wherein 15 
steps (a) or (b) can be performed in either 
order; 

(c) measuring the absorbance of said sample 
at a wavelength between 200 and 400 nanom- 
eters: and 20 

(d) determining the concentration of hydrogen 
peroxide vapor or gas in said sample from said 
absorbance. 

2. The method of daim 1, additionally comprising 25 
adjusting said concentration of hydrogen peroxide 
after step (d). 

3. The method of claim 1 . wherein said concentration 

of hydrogen peroxide or gas is compared with a 30 
desired set point concentration of hydrogen perox- 
ide and wherein hydrogen peroxide is incrementally 
added to said corttained area so as to increase said 
concentration of hydrogen peroxide in said con- 
tained area until said set point concentration is ss 
reached. 

4. The method of daim 1 , wherein said absorbance is 
measured at a wavelength of 254 nanometers. 

40 

5. The method of daim 1 , wherein said absorbance is 
measured with a mercury lamp. 

6. The method of daim 4. wherein said mercury lamp 

is current regulated. 4S 

7. The method of daim 1 , wherein said absoibance is 
measured at a wavelength of 206 nanometers. 

8. The method of daim 1 , wherein said absorbance is so 
measured with a deuterium iartp. 

9. The method of claim 1 , wherein the concentration 
of hydrogen peroxide vapor or gas in said sarrple is 
determined from said absort)ance using Beer's law. ss 

10. The method of claim 1, wherein the concentration 
of hydrogen peroxide vapor or gas in said sample is 



determined by comparing said absortsance with a 
calibration curve of absorbance versus the concen- 
tration of hydrogen peroxide vapor or gas. 

11. An apparatus for measuring the concentration of 
hydrogen peroxide vapor or gas comprising: 

(a) an ultraviolet fight source; 

(b) an optical radiation detector for detecting 
ultraviolet light; 

(c) an optical path between said ultraviolet light 
source and said optical radiation detector; and 

(d) a source of hydrogen peroxide vapor or gas. 

12. The apparatus of daim 11, further comprising a 
vacuum pump to evacuate said optical path. 

13. The apparatus of claim 11, wherein said source of 
hydrogen peroxide vapor or gas further comprises 
a heater. 

14. The apparatus of daim 11. wherein said source of 
hydrogen peroxide vapor or gas further comprises 
an ultrasonic source. 

15. The apparatus of daim 11, wherein said ultraviolet 
light source is a mercury lannp. 

16. The apparatus of daim 11, wherein said ultraviolet 
light source is a deuterium lamp. 

17. The apparatus of daim 11, further comprising a 
controller for maintaining a desired hydrogen perox- 
ide concentration. 

18. The apparatus of claim 16, wherein an optical filter 
selective of 206 nanometer light is placed between 
said deuterium lamp and said optical radiation 
detector. ' — ~- ^ - 

19. The apparatus of claim 11. wher^n said optical 
path comprises a movable gas cell in fluid commu- 
nication with said source of hydrogen peroxide 
vapor or gas. 
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